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Cover. Air bubbler operation at a small dock in
Lake Champlain , Vermont , during 1979.
(P hotograph by Roy Rates.)
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PREFACE
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POINT SOURCE BUBBLE R SYSTEMS
TO SUPPRESS ICE

George D. Ashton

INTRODUCTION where Cd is a discharge coefficient (on the order of

~~~ The use of air bubbler systems to suppress ice ference across the orifice, and Pa is the air density
0.6; see e.g., Rouse 1946), 

~p is the pressure dif-

formation by inducing a flow of water against the inside the bubbler line. Typical orifice diameters
underside of an ice cover is a commonly used tech- used in existing installations are on the order of 1 mm.
nique. The analysis of line source bubblers for such The pressure difference 

~
p is

purposes has recentl y (Ashton 1974, 1978) progressed
to the extent that it is possible to simulate and pre- ~p = P1~,,~,—p~gH (2)
dict the performance of these bubblers, and that anal-
ysis has been validated against field and laboratory where “inside is the pressure inside the supply l ine,
data (Ashion 197c , 1978). This report presents a p~gH is the hydrostatic pressure at the submergence
parallel analysis for point source bubbler Systems . i.e. , depth H in water of density p,,,,, andg is the gravita-
the suppression of ice that results from a single-point tional constant.
discharge of air bubbles. The installations of such Using the results of Kobus (1968), the center line
systems would be useful, for example, in the proteC~ water velocity U~(x) (m s~ )at distance x above the
tion of individual piles of a multipile dock installation , orifice is given by

1 [~ Q0 Iog~ I 1-(x IH °) j l 0.5
OUTLINE OF ANALYSIS U~ (x) =______ __________________

c (x+x 0) r p~ Ub J (3)

This study begins with an analysis of the plume
where c is the rate of linear spread of the plume, x0induced by the rising stream of bubbles emanating

from an orifice submerged in the water and uses the is an empirical coordinate correction to account for

results of Kobus (1968). It next determines the heat various near.orifice effects , 
~~~~ 

is the atmospheric

transfer coefficient using the plume parameters at the pressure, H H+P0,~ / p~g (for sea level conditions

point of impingement of the plume on the underside H° = H+10.3 m), and Ub is the mean rising speed of

of the ice cover by analogy with empirical results of the bubbles. These are further illustrated in Figure 1.

Gardon and Akf irat (1966) for impinging axisym - Both Ub and c were found by Kobus (1968) to be
weak functions cf Q0 

and a fit of these data yieldsmetric air jets. It thus determines ice melting and
thermal depletion by use of a simplified energy bud-
get calculation. Finall y, it applies the resulting c C~ Q0 0.1 c (4)
analysis to the practical case of varying winter temper-
atures by a quasi-steady s~epwise solution utilizing
daily temperatures. An example simulation is pre- 11b = Cb Q0 

0.15 (5)

sented . The FORTRAN computer program for the
simulation is given in the Appendix. where c~ = 0.152 m 0’4 S ~D.I ~ and Cb = 1.83 m0

~
5 ~

~-O .1! , The plume analysis of Kobus used a Gaussian
distribution of vertical water velocity of the form

PLUME ANALYSIS
U(X 1L) =exp l .12 j (6)

The air discharge rate Q0 
(m’ ~ i) from an orifice U~(x) 12c2 (x+x )2

of diameter d (m) is
where r is the radial coordinate from the plume

Q0 C
d (  

(1) centerline. The total volume flux Q
~~ 

(x) is then
a given by

- ~~~~~~~~~~~~ ~~~~~~~~~ — - ~~~~~-~~~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~
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FIgure 1. DefinItion sketch. Figure 2. Centerline velocity of plume as a function of
orifice discharge and submergence depth of orifice.
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FIgure 3. Induced flow of water at Impingement as a function
of air discharge rate and submergence depth of orifice.
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Figure 4. Diameter of impinging plume as a function of
air discharge rate and submergence depth of orifice.

Q
~ 

(x) = 2w U
~ 

(x ) c 2 (x+x 0) 2 . (7) b = (H+x 0) C~ Q0
015 . (12)

Appropriate substitution for c and Ub into eqs 3 In Figures 2, 3, and 4 are shown, respectively, the
and 7 then yields, respectively, values of UCH, QWH .  and b as functions of air dis-

charge rate Q0 and submergence depth H.

U (x) =~~o
0275 f—°.~ 

1og~ { 1_ ( x / H) I]05
C C, (x+x 0) L lrPw c~, J (8)

HEAT TRANSFER ANALYSIS

and
The heat transfer analysis consists of determining

the temperature of the plume impinging on the
Q

~~ 
(x) = 2C~ (x +x 0) Q00.575 underside of the ice cover , estimat ing the heat trans.

fer coefficient at the underside of the cover , perform-
w loge [1 —(x I H ) I 1°5 ing a simplified analysis of the thickening (or thinning)

I I (9) of the cover , and depleting the thermal reserve as a
L PW b ..J consequence of the heat transfe r to the cover.

Defining UCH = U~ (x) and QWH = Q
~~ 

(x) at x = i” Temperature of impinging plume
yields Since the water bodies in which bubbler systems

are installed are seldom isothermal, it is necessary
— ~002

~~ 1”atm log2 Ii (HIH )~ 1
03 to eva luate the entrainment of water at different

C c~ (H+x 0) [ wp~ Cb J(10) levels above the point of air discharge to arrive at the
‘mixed’ temperature at impingement. That is , the
impingement temperature T~H referenced to the

— ‘II I L I .. ,~ 0375 . ,
‘(w H  — 

~~c V’ X0~ ~~ freezing point Tm, is given by

[_Paen ir log [ 1_ (H IH *) J] 03 (11) TWH Tm 
1 1H [r W(x) _ r ~) ~~ dx

I PW Cb QWH 0 dx

.0 (13)
and the width b at x = H is

3
I

_ _ _  -

..L. T~L~~~~~T TT__- _- —

~~~~~



where d Q
~~ 

(x) / dx is the entrainment rate and T~ 
(x) The heat transfer coefficient at r = b will be used

is the water temperature as a function of x above the as a reference value with which to normalize the
air discharge point. For a vertically uniform ambient radial variation of h. Thus
water temperature TWA, the impingement tempera-
ture TWH TWA. Other temperature profiles may k U 055

eas ily be integrated using eq 13 to arrive at TWH . hb = 2.08 cH (20)
p035

Heat transfer coefficient
Gardon and Akfirat (1966) found the heat trans- where v = p/ p and

fer coeffic ient associated with an axisymmetric im-
pinging air jet (in air) to be correlated by h(r) = hb (r/ b) ~’0’45 (21)

NU 1~ 
0.78 Re1

035 (14) for r > b. For r < b, we simply fit a parabola to
eq 21 such that dh(r)Idr = Oat r = 0 and has the

where the Nusselt number averaged over an area of same slope and magnitude as eq 21 at r = b. Hence,

diar~eter 2 r~ is defined by for r

Nu 
h1~ r0 (15) 

h(r) = hb 11.225—0.225 (rIb) 2 I. ( 22)
IV k

Variat ion of hb as a function of submergence depth
and h1~ is the average heat transfer coefficient and k and air discharge is presented in Figure 5. The
is the thermal conductivity of the air. The associated variation of h( r)  n ormalized by hb is presented in
Reynolds number is defined by Figure 6 as a func:ion of rib for r > b.

R — 
U4 r 0 p 

16 
Melting of the ice cover

— 

,,
~ 

The actual melting of the ice is governed by the
heat balance at the water/ ice interface , given by:

where U4 is the axial velocity of the air jet and p and
p are the density and viscosity of air. q.~q = p .X ~~L ( 23)

By analogy with other heat transfer results (see, W dt
e.g., Rohsenow and Choi 1961), we may convert eq
14 to a more general relationship by introducing the where q1 is the rate of heat conduction through the
Prandtl number dependence in the form ice ,q~ = h(T wH_ Tm)  is the rate of heat transfer to

the undersurface of the ice , p1 is the mass density of

Nc’ Pr 1 /3 (17) the ice, X is the heat of fusion of the ice, and d~1 / dt
is the rate of change of the ice thickness.

where Prandt l number Pr is defined by The model used for q1 is one-dimensional steady-
state heat conduction, which assumes a linear van-
at ion in temperature through ice thickness (and snow

Pr E_ .—!_ (18) thickness) together with an estimate of the transfe r
k coefficient through the air boundary layer. Thus

and c~, is the specific heat of the fluid. Assuming Pr (T —T
— m S

= 0.7 for air and Pr = 13.6 for water at 0 C enables eq Qi — ____________

(n / k -)~ (ti / k14 to be transformed to apply to water flow in the I I S

form
where T5 is the top surface temperature of the ice

— 035 (or snow, if present ), and k~ 
and k 5 are the thermal

Nu45 — 2.08 Re~ (19, conduct ivity of ice and snow. In general, T~ 
is

not the ambient air temperature. Within the con-
where the Reynolds number is now that for water; text of the steady-state assumptions above, it is
thai is , Re~ 

= UCH b0 Pw IP. reasonable to represent the heat transferred through

I

i 
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Figure 5. Variation of h b as a function of orifice discharge and
submergence depth of orifice.

~ r) C6~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 6. Variation of local heat transfer rate as a function of radial
distance from center line of impingement.

the air boundary layer in the form 
= — 

(T m~ T4 ) 26

T T 

q 
(fl ~/ k 1)+ (?7 5/ k 5)+ ( i / h 4 )

4) (25)
i/ha The difficulty is to obtain a reasonable estimate of

h4. Jobson (1973) examined the energy budget
where i/ha represents a thermal resistance due to the terms and found that a good approximation for ha
air boundary layer. Assumingq 1 values in eqs 24 and from a water surface is of the form
25 are equal (equivalent to a series representation of
the thermal resistances), then T5 may be eliminated h4 = 3.4i4 ,4 Ua (27)
and

5
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Figure 7. Air temperature record used in simulation example.

r Q0 -00005 m3 s

/1 ~~~~~~~~~

~ / \ ~~0 -25 Wm 2 t ’

tO 20 31 Jon
Tune (days)

Figure 8. Variation of open water area for simulation
example.

where U4 is the wind velocity (m s~’ ) and h, is the eq 26 with T~ = T
~ 

and the same value of h4 . It
heat transfer coeff icient in W m~

2°C 1 . is recognized that a more detailed energy budget
In the fol lowing simulation example , we will approach could be used, but the detail is considered

arbitrarily take h4 = 24 W m 2°C 1 corresponding inappropriate in view of other uncertainties in the
approximately to a windspeed of 4.5 m s~ - Although analysis and the lack of detailed input data other
ha is derived for open water , we will assume it is also than daily maximum and minimum air temperatures
applicable to the ice/air interface. Similarly, the usually available, h4 = 24 W m 2 °C’~~, incidentall y,

heat loss from open water above the bubbler uses is equivalent to the thermal resistance of
approximatel y 0.096 m of solid ice.
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rate of heat transfe r is proportional to (T w — rm ) ,
F

this decreases corresponding ly the heat flux to the
ice and the rate of ice suppression. The bubbler

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

system n1a~ eventuall y reach a point where no more
ice will be melted and ice begins to re-form .

The compute r program uses the result of the
numer ical integration of heat t ransferr ed to the cc
cover and through open water , it present , to cal’
culate the thermal rese rve removed from the waler
body by each point source bubbler. this depletion
of the thermal reserve is reenicred into the program

rigure 9. Ice thickness profile on 28 January
of simulation examp le. by uniformly scal ing down the original temperature

profile in proportion to the relat ive dep let ion. A
new impingement temperature is calculated and the
simulation is repeated. B~ appropriatel’~ v a is  ing
the input at each t ime step, we may tulli ’ss the
evo lution u t  the suppresse d ice (u iVCI  through a
weat her change (or season).

Simulation example
Figure 7 shows a da uls average air temperature

L I T E R A T U R E  CIT ED
recor d taken from a midwestern location. It shows
the patterns of alte rnating very cold periods with
somewhat warme r periods which are I’, pical of Ashton , (,.l) . ( 1974 ) A ir bubbler systems to wppiess ic e .

U.S.Army Cold Regions Research and Lnguneer,ng
winter periods. F igure 8 shows the results of using Laboratory lU6A C RR El~) ,  Spec ial Report 210 ,
that record in the present simulation as a plot of A D-A0 08867 .
radius of open wate r es~ent w ith time for the param- Ash on, GD. f 1975 ) t speiimenI~ t eva luation of bubbler

eters of Q4 0.0005 m3 s~~ (~~1 f t 3 1mm ), T,~ = induced heat i ransier ,oc l t i c ie n ts .  Pro ec~i i r iqs  Third

0.2°C, H S m , and /r1 = 25 Wrr(2
~L ’ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 00 /i ,- PrOh l ( ’flS ” . .l uqusl 19 ’S .

Hanover , \e,u Hampshire ( G F .  Frankenstein , [ditor) ,
Figure 8 shows that the extent of open water P. 1 3 3 - 14 2 .

responds to the air temperat ure v , i r i . rtfon by con- Ashlon , (,.D. ( 1 978) Numerical simulation of ~ir bubbler

t racting during cold periods and expanding during systcr ns. Canadian / ~ ur,ial of C , !  I r , J ur i ’c runq (in press).

warmer per iods. While the ice cov e r is predicted to Gardon , R. and IC . A k f i r a t  ( 1966) Heat transfer charac-

freeze oser the bubbler during scr ~ cold days , the le r is t i c s Of two-din ,ensqonal au u -ri / ‘ .‘n~ fl f lu,, ’ .
Amer ic an So c ie t s  of f t , ’ 1 hOflic~ / I r r q , n , , ’ s . .5cc/ es C,

thickness is considerabl y reduced from that which / ot i rnul of I / cu t  tr an S/i- ,, I rh., p. 101-108 .
would ex is t  if the bubbler had not been present , as lobson , HE.  ( t 9 ~ 3) the dissipation of esce sS heat f rom the

shown in the simulated profile of cc ’ thickness for w Irer s~ stems. / o u r r i u /  lSo~ i i  ()f i i s , u u r r , ASC L , vol . 99 ,

28 Janu.s rv of F igure 9, but the effect extend s only no. P O t  p. 89-I03.

a few meters. The FORT RAN computer program Kobus , F- I.E. ( 1968) Anal., sis o! f h~ flow induced h5 a ir -
bubbler systems , Chapier 65 of Pa rt  3. Coustol Struct ure s ,

for the simulation is given in the Appendix. vol. II. proceedin 1is f I,’venth ( o,i! ,‘r(,I ~ C On f ,ia’Pa/

I nQiflerr inq, l ondon , I nijiand. New ‘
~ ork . Amer ica n

Thermal reserve analysis Society of Civ i l  E ngineers , p. 10Ii~- 103 1.

The thermal reserve available in a closed water Rohsenow , 55 ,M. and H.\ - Cho i (1961)  Heat , mass , and

body is often quite limited and may prove to ~~ momentum trans fer . I nglcwood Cliffs , New Jerses
Prentice-Hall ,

the limiting factor in the operation of a bubbler Rouse , H. (1946 ) 1 l i-mi -n W’s sf , h,anu s of Fl u i d . . New

system . In a water body of length L , width 8, depth York: . Wi l es and Sons .
0, and average water temperature T,,~, the total heat
content availab le for melting ice is ;

= LBD p~ Cp (T w~~
tm ) . ( 28)

As the bubhlcr functions , it draws on this reserve ,
lowering the average water temperature. Since the

7
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APPENDIX

This appendix includes the FORTRAN program for the point source bubbler simulation ue-
scr ibed in this report. Also included is the FORTRAN program for the line source bubbler simula-
t ion. Documentation for the line source simulation is presented by Ashton (1974, 1978).

POX NTBU1~

* 6 ASHTON 14 JUNE 1918 I-’OINT sOURcE fitThE’LI.R SIMuLAtION

*
* F-ROGRAM SIMuLA 1ES OF-ERATION OF A f’OINI SOURCE 8u111411:R

* TO PWLT ICE

*
DXIII NSION FIA (100).UWI ( lOO),[iAI (60)
REAL’ 301,H,UA,&TAZ,IUH.HUA .OELR,I’UI r
REAL) 3 0 2 -A L  t 4 , A t W
REA L ’ 303,Nt i
NEAt ’ 304.(I1AT( 1.1 .1.111’)

301 FORMA l (/f 10.0)
302 F ORMAT (;‘FIo.O )
503 FORMAT (110)
.104 FORMAT (F 10.0)

*
F’RtNT 401.H,UA

401 F ORMAl (1H1.1OX . ’H = ‘ , F u ~,. ’ , ’ P1511 5 . / l O S ,  ( IA ‘ .F - 10 . 6 . ’ P13/S
PRI NT 402,ETAZ .IWH

402 F ORMAT ( ~ox~ ‘F IAZ 
, P 6 • . • ME It RS , / t . ’ . . ‘ U.JF-f - , ‘ .3.  ‘ Iii ii C’

PRINT 403,HWA
403 FORMAT (lOX, ‘H WA = ‘ .F 1. .’ . U fl .’ - Ii) I, C’

PRINT 404,NL)
404 FORMAT (IOX . ’SIMIIIAI t (114 (S F UR’

PRINT 405
405 FORMAT (1H0.10X ~~’ t’AY .i lR tEM P

FRIN F 406, (I,tiAl(I),t 1,NLi u
406 FORMAT (IOX ,13 ,4X ,F/ .2)

*
$ H i’~ depth of d i f t. j’~ør mp t p r ’ . )

* OA dir ‘lawc’har ~~e (‘ .u’J.are metpr~ r~~’r

* E T A Z is i n i t i a l  u e  P l i c $’ r,.~’ .’. ‘n, ’tet’ .- )

* TUH is ir,,ti.’t water ten,~~’r,,I’j,e (de4 C)

* HWA i ’~ he a t t r . s r , s f e r  c ’os ’ f f i - i p i , l  w.atei- f , u  ~~1,  ( U/fl ’ t i f I .  u P

* ND is r,’j .her of da is of c t m ~~l .stsor ’

* (IAT(I) i~ rlail.i a i r  t e m F e r a t ’ J r P  (deq I )

* DEER a s  rad ia l  i,,r r~~5pr ,t . d s ’ ~t , , ,un ’  ( ii, )

* P E L T  ~~ t i~~t’ ~,tpp ( - ,ec u

* Al it arid At U a,.-’ w i d t h  ,s r, , 1 l p r , , I$ is u~~f the watpr Finds,

*
FAIN 101 s:’ .
RHOW = 1000,
RHOT = 916,

= 4 ’ 1 ~ ,.
ART = .‘ .

Afs W~~~~0.54
ALAM 3,34I~i
CC 0,152
iIi 1,83
1, 9 ,801
ANU l.79E-6
FL  = 1.14151,
HSTAR H F F’AIM/ (FHOU*G)
h u M  = P’AltI*Ai 013(t. fl/FISIAR)/(RHPW*CLP)
(‘1311 StiR I (tON )

(OA,*o.57sf*t’tifl*:’.sct:*(H + ,08)*SOR1 (L’I)
I’ (H t0,H)t(C*OA*$0,1~’,
lu SH (lWI4f(2.*F’I*Ii$R)
I’S tNt 407 itiCH . OW N
i- P INt  4013.8
NH
F i i t Nf 409,1411
Fi l l’ Ilo4O’,). ‘liF t I

9 1
CZD~NQ PAQ

I
F-~ .

- 
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—U

-I’ ) t ok?’tf, i u l l it ) , i u . x’ l jk . Pl ‘ p F H . 4 , ’ M/ S / 1 OX . ’ OUH ‘ . F 8 ,4 , ’ Pl3/S~~)
-lu ll S I l)SMfu I u. l ’ ) i ,  ‘Ii ‘ . i l l, 4 ,  ‘ N i l  I 5 5 ’
-1U’l 1 01.- MA t  i l l S ) .  - Fit =- ‘ .t ii - ,‘ , U. 112- Iii ‘. C -

~I0 Cli 1 1, l u , .)
I l O u  I)  I’ I A . ’

PlO (‘ tiNt lUllS

I’ll 250 Iii 1 ‘NE’
* I ‘,t j tu I s  ‘,,h I - I., ’  t , .  I v.~. I i .1k t on, cit FJWI .‘t Xii I lv’ i r,t*’r-’ i,j is

N 0,
(‘0 110 1 - 1 . 10 0
II (Ft lu) t O l  , lo’ . T o;’

T O T  OUT ( I  S = HLi * i t  • :‘;‘ . s)~ ~~‘~,* R*P,’/~ 5*1’ ) i * I W P I
ill III IC’ S

10.’ (i W l u l  ‘-~ FIiu* ( ( } u ,’R) - 5 * u ’ ,4 ’ , )* 1 W I )
10 1 lv RfIiiLk
LI ’) i uN  I tNlJi
S Now ,‘a l,-,, I.~te’ t t i ick ,’r,si i ’i . ,u , .  n , , - lta r , q of si ’s-’

liii to ’ . . 1
Iii) I’ l l- I i • 100
II - Ii,, i i  iii , ‘ i i • ., 1 l’~ ’ i t .’

I i  ( u A  I ( t I ’ ’ - - ’. l i i i I - ,‘-r 1 4 1  ,
u - u i  ‘Ii I t 1

I,. lii ~) • .~I

I I  i 1.-u , - Ii
I’ll I I,, I, 11W ! s I P )  V Iii I I / ‘ 1 -11111 SA L. AM)
i j , ’u u ~~~u ( l f i : t’  i - l i F t . ,
II - I I I . ’  I I ’ ) ” — I . ’ .’

I, ’i I l ,’i I -= ‘
- ~l ill I t’i u p

‘ i ‘ I ‘(N I i J u u l
I uiSl I I •J~ it

• I i i
I.) i l l  1 ‘ 1 (

1 = 1  • i ’ -
~’

I i  ‘ I  1”i I - I ‘ ‘ j .  I - - .- - .
I ‘.5 I I  lii i I-.I I’’ II I I’l l I-
I ‘ —‘ / i i ri I I nIl ‘I

Pf~’I N 7  410.It’ .F.’F IlBE
410 FORMAT ( I H O . I OX , ’A FI IR . 14 , ’ t ’AYS ICE E D GE IS AT P =

* Ca lcu la te  t hs i’mal d e n l e t s o ’ ,
LITHERM = PI*RED6EIREDG1*fIS4s *tt~U
HR RF1IG1 / l’ELR
IF (NP — 100) .‘.~l . ,’ii.2t1

201 DO 210. I=NR .10(’
RL.R Re:t’,;F: I IlU
(‘THERM (‘I SlE PM 4 2, *11 *RI R*IIWI i i

210 CONTINUE
‘ I l  CONTINUE

T WH = 181-IS’ I • lit  III RN. ’ (A l  ritfa u*ii*i .si’ ili$(’f’ i
PRINt 4 11 ,IUII

411 FORMA l (tuSk . ‘ NI_ U lUll — - .1 .’ .. 1 , t h u  I )

DELRP
PRINT 417,IiILPk

412 FORMAT (1 O~ 
, - 151. I IuICh NE iS A l I. i ~ f $(u  j ilt  I I- -I S .. . ‘M ITE R~

PRINT 413. (FlA t I)• 1=1 •
413 FORMAT (iOX.lOP ,~,.3)
250 CONTINUE

INtl

LENE HUit

1 6 ASHII1N 14 JUNE 1978 LINE SOURCE L4UH$t.ER SIMULATION

*
* PROGRA M S1MULA1E~ OF-ERA 1 ION OF A LINE SOURCE itUPPLER

* TO MELT ICE
*

LII ME NSION EIA (i00),UUI(tOO).DAT (60)
REA l ’ TOi,H.UA,ITAZ,LWH.PWA.PEI,Yf1*L t
ki Ali J0;’.Au El,AI U
li i Al’ .T0. .Nt’
RI (.11 .104. ((‘AT (1).! ~1 .Nt~l

‘)I F ORMAT (7F10.0)
ii),’ f ORMA l (;‘f 10,0)
;o:i 1- 05110 1 ‘ 110)

10

S. ,~~~Pi 
- -

- 
- -

~~ ,~~
•‘• .,‘ -“ ‘  v - - i 

-

- - 
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304 FORMA l (FlO ,O)
S

F’ktNL 401,H,OA
401 FORMA l (1H1.IOX ,’H = ‘,F6.2p ’ METERS’/IOX, ’QA • ‘.FlO.o,’ 112/5’)

PRINT 402tE1AZ,IWH
407 FORMAt (10X ,’E,lAZ ‘,F6.2,’ METERS’/lOX .’TUH • ‘.F’7,3.’ PEG C’)

PRINT 403,HUA
403 FORMAT (XOX . ’HWA = ‘,F7.2,’ IJ/M2-DEG C’)

PRINT 404.NLi
404 FORMAT (IOX,’SIMULATION IS FOR ‘,14,’DAYS’)

P R I N T  405
- ; 405 F ORMAT (1HO,1OX ,’DAY AIR TEMP ’

PRINT 406.(I.DA1(I).I=i.ND)
406 FORMAL (1OX.I3.3X.F7.2)

*
* II is dep th of diffuser (meters)

* PA is air dischar ge (sau d re meter s ~.r second)
* ETAZ is ir,itial ire thic kness (m.t.rs)
* TWH is ini ti al water temp eratur e (d.* C)
* HWA heat transfer ,~oeffieien t water to ai r (W/112-DEG C)
* ND us number of daws of ~i.ulation
* DA T(I) is d *ilw air’ temperature (dee C)
* DELY is lateral di~~ta r,re incr..ent (meter s)
* PELT t s  t ime s tp p (sec)
* AI. P ,j r,d ALU ar, width and ler,*th of th, water bode

*
j  PA lM = 101325 ,

RHOW • 1000,
RHO! = 916.
CP • 4215.
AR !
A RW • 0 .54
ALAM 3.34E5
CC 0.187
Cit 2 ,14
o 9,807
ANU l.79E-6
II  .1. 14156
HST AK = Ii + PATM ,’(RHOW*ti)
14 (IDO ,l,l)*LC*tlA**0. 15
L’li PI = -F ’A lM *A I Lih (l. --~H/HSlAk )/(kHOU*C1l )
L u ll-i StIIP 1 i LIUM )
Ill _ Il i (IA $*o ,4 ;’l,)tE ,IIM,’IFt*$O .2f ,$SOKl (it)
h Ull •;,lk- l I 2 ,  IF’! P *LI*LICH
F - RI Nt 40 - ‘ ‘ i l l  lt,IIWH
115 111 1 4u~ii. H
IOu i, , .‘,.*ARW$(l( ;H*$O.óI ’ ANU*$0.62*l4**O .38)
P R I N T  400,1114
NI l ’ - I i/ .400,/ I i1 l.. T

-1 07 1 IiRM1t l (lHO.IO X .’l)CH = ‘ ,t 8.3. M /S / IOX , RWH ‘.Fit.S, ’ M2/S’)
lOll FOR MA T i I O X . ’il ‘.18.3. ’ M I I l k ’ S ’)
409 P lIRMAl , IOu’. ‘HI’ - ‘ ‘ .F 11 3, ‘ U/M2—1d.6 C’ S

l i lh SI ,)  I — 1 ‘ 100
I IA ’  V P IA!

.1,) F (lNll lu ll

l i- I  ‘‘ ‘ I -  I L’ I .111’
* I , t - I  I u ’ -h i L,i ’e ral va r iation of (381 at  (IELY int .rval~

‘1 ‘ 0 ,0
DO ( l i )  I 1 .100
II’ (1  14 )  1 ) 1 , 1 0 2 , 10 2

l Ot PUll! ) - HP* (I.190 — 0.190$Y$Y/(1’*it))*TWH
61) 10 103

10. 181(1)  = H I 1* ( ( P/ Y ) $ $ O , 2 / ) * T W H
t O .  1’ 1+ 1*1
I *0 1. UN TI HUE

* N,,w r a l v ’ , t m t e  thic~~eninU and melt i ra g of ice
(10 195 ,I=I,NT1
I’D 190 1 .1 ,100
I V  inAf lh I f l ) I l ” . 3 1 5 . 1 1 4

115 UI -DA I (IE ,)/ (liA(I) /A IiI + 1, /HWA )
(51 Il) II?

1 16 (II • 0.0
II? I SPI T 114111

I u I I I T A  • (01 — (191(1)) $ tIELT/ (RHOI*ALAM )

• Fl A I l )  ~ 1 1 * 1 1 ’  4 (till TA

11
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r 
- -.- -5= .- -. — -- - - - _ -  —

IF (FlA IL )) 121.12:.l22
121 I LA (i’ 0.0
1:’2 CONI tN I Jl
190 CONTINUE
195 CONTINUE

* Find Ice cdl.
k’FIIGF • 0.0
(‘0 197 1=1.100
IF (F lA Il )) 196.196.197

196 RI DGE REDGE + lIlLY
197 CONTINUE

PRINT 410. ID.REDGE
410 FORMAT (1H0.IOX 1 ’AFTER ‘.14. ’DAYS ICE E DGE IS AT Y •

* C a l c u l a t e  th .r.al d,pl,t ion
NR RED0t/Df :LY
IF (MR - 100) 201 .211.711

201 (‘0 710. I—NR .100
R I R  • REI ’(iE + DELY /2
DTHI RM - DTNERM + 2 .* DW1( I) $D ELY

210 CONTINUE
:‘t i CONTINUE

lUll • TW H* ( 1 .  - DT HERM/ (AL ~ *AL9*H*RH0W*CP) )
P R I N T  4 11.TW H

411 FORMAT ( IOX , ’NEW IWN • ‘ ,F6.3. ’ PEG C ’ )
DELYY = 5 .$DELY
PRINT 412 ,DELYY

412 FOR MAT (10X. ’!CE THICKNE SS AT CL AND DELYY • ‘,F5•2, ’METERS’)
PRINT 413. ETA (I). 1=1.100.5)

413 FORMA T ( I 0 X, 10 F6 .3 )
250 CONTINUE

EMIt
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A facsimile catalog card in Library of Congress MARC
forma t is reproduced below.

Mh~ on , George D.
P u nt source bubbler sys tems to suppress ice / by

George D. Ashton. Hanover , N.H.: U.S. Cold Regions
Research and Engineering Laboratory ; Springfield , Va .:
available from Nat ional Technical Informa t ion Service,
1979.

iii, 17 p., illus.; 27 cm. ( CRREL Report 79—12. )
Prepared for Directorate of Civil Works , Offi ce ,

Chief of Engineers, by U.S. Army Cold Regions Research
and Engineering Laboratory under CWIS 31362.
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